Bone morphogenetic proteins (BMPs) are members of the TGF-b superfamily responsible for mediating a diverse array of cellular functions both during embryogenesis and in adult life. Previously, we reported that upregulation of BMP7 in human melanoma correlates with tumor progression. However, melanoma cells are either inhibited by or become resistant to BMP7 as a function of tumor progression, with normal melanocytes being most susceptible. Herein, real-time quantitative reverse transcriptase-polymerase chain reactions and western blotting revealed that the expression of BMP antagonist, Noggin, correlates with resistance to BMP7 in advanced melanoma cells. To test the hypothesis that coordinated upregulation of Noggin protects advanced melanoma cells from autocrine inhibition by BMP7, functional expression of Noggin in susceptible melanoma cells was achieved by adenoviral gene transfer. The Noggin-overexpressing cells exhibited a growth advantage in response to subsequent BMP7 transduction in vitro under anchoragedependent and -independent conditions, in three-dimensional skin reconstructs, as well as in vivo in severe combined immunodeficient mice. In concordance, Noggin knockdown by lentiviral shRNA confers sensitivity to BMP7-induced growth inhibition in advanced melanoma cells. Our findings suggest that, like TGF-b, BMP7 acts as an autocrine growth inhibitor in melanocytic cells, and that advanced melanoma cells may escape from BMP7-induced inhibition through concomitant aberrant expression of Noggin.
Bone morphogenetic proteins (BMPs) are pleiotropic cytokines belonging to the TGF-b superfamily. Over 20 members of BMPs have been identified in a wide variety of organisms ranging from insects to mammals. 1 Although BMPs were originally shown to induce endochondral bone formation, they are now considered as components of a highly conserved signaling pathway that controls cell growth, differentiation, apoptosis, motility, angiogenesis, and matrix synthesis not only during embryogenesis but also in adult life. 2, 3 Signaling by BMPs is mediated through both type I and type II transmembrane serine-threonine kinase receptors. Upon ligand binding, the constitutive type II kinase activates the type I receptor and initiates the signal transduction cascade by phosphorylating receptor-regulated 'mother against decapentaplegic' (R-Smad) proteins (eg, Smad 1, 5, and 8) . Given the diversity of responses to BMP and the complexity of morphogenic events, their activities are delicately regulated by secretory antagonists (such as Noggin, Chordin, Gremlin, Sclerostin, Follistatin, DAN/Cerberus, and Glypican-3 (GPC3)), signaling inhibitors (including SnoN, Smurf 1 and 2, and Smad 6 and 7), and pseudoreceptor BAMBI (BMP and activin membrane-bound inhibitor). 4 The discovery that perturbations in BMP pathways are genetically responsible for certain hereditary cancer syndromes (such as familial juvenile polyposis and a subset of Cowden syndrome 5, 6 ) has prompted the delineation of their significance in carcinogenesis. Evidence now indicates that various sporadic human cancers also exhibit aberrations in BMP signaling, contributing to tumor development and progression. [7] [8] [9] [10] [11] It is now clear that the actions of BMPs are cell type specific, and that the roles of BMPs in carcinogenesis are quite complex, with divergent pro-tumor and anti-tumor effects resulting from both autocrine and paracrine responses. 4 However, relatively little is known about BMP signaling in melanoma.
Recently, we 4 and Rothhammer et al 12 independently reported that multiple BMPs, including BMP-2, -4, -6, -7, and -8, are upregulated in melanoma. The expression of BMP7 in particular correlates with tumor progression and disease recurrence, 13 but overexpression of BMP7 paradoxically inhibits cell growth to varying degrees through G 0 -G 1 cell-cycle arrest and induction of apoptosis. Normal melanocytes are most susceptible to transduced BMP7, whereas melanoma cells are increasingly resistant with tumor progression. The resistance of melanoma cells corresponds to the expression of BMP7 antagonist, Noggin. Using adenoviral transfer, we obtained evidence that forced expression of Noggin in susceptible melanoma cells protects them from BMP7-induced growth inhibition. Furthermore, Noggin-overexpressing cells exhibit a growth advantage in response to subsequent BMP7 transduction both in vitro in soft agar and three-dimensional (3D) skin reconstructs, and in vivo in severe combined immunodeficient (SCID) mice as compared to control green fluorescent protein (GFP)-transduced counterparts. Consistent with these, lentiviral shRNA-mediated Noggin knockdown confers sensitivity to BMP7 in advanced melanoma cells. Our findings suggest that, similar to TGF-b, BMP7 functions as an autocrine growth inhibitor in melanocytic cells, and that advanced melanoma cells may escape BMP7-induced inhibition through coordinated upregulation of Noggin.
MATERIALS AND METHODS Cell Culture
The isolation and culture of normal human melanocytes was performed as previously described.
14 Isogenic melanoma cell lines derived from the same patient at different disease stages were maintained as described. 15, 16 These consist of primary vertical growth phase (VGP) melanoma cell lines WM115 and WM983A, their lymph node metastatic counterparts WM239A and WM983C, respectively. In addition, metastatic/aggressive variants selected in an experimental metastasis model in vivo, such as 1205Lu and C8161, and their parental cell lines WM793 (a VGP primary human melanoma cell line), and C81-61 (a metastatic human melanoma cell line), respectively, were also included. Normal foreskin keratinocytes and fibroblasts were isolated and propagated as previously described.
17,18
Immunohistochemistry Decoded formalin-fixed and paraffin-embedded melanoma tissue sections were obtained from the archive of the Department of Pathology at the University of Iowa. The sections were dewaxed, quenched, and incubated with a mouse monoclonal antibody raised against human BMP7 (MAB3541; R&D Systems, Minneapolis, MN, USA) at 25 mg/ ml overnight at 41C. The sections were then washed to remove unbound antibodies and incubated with horseradish peroxidase (HRP)-conjugated rabbit anti-mouse secondary antibodies (R0260; DakoCytomation, Carpinteria, CA, USA) for 30 min at room temperature. Visualization was performed using a DAB HRP Substrate-Chromogen 2 liquid component kit (GTX 73338; GeneTex Inc., San Antonio, TX, USA) with hematoxylin counter stain. As a control, isotype-matched mouse immunoglobulin (Ig) was used in place of the primary antibody. Experiments were repeated twice with consistency.
Semiquantitative RT-PCR Total RNAs were extracted from cultured melanoma cells using RNAqueous s -4PCR (Ambion, Austin, TX, USA) according to the manufacturer's instructions. First-strand cDNA was reverse transcribed from 0.1 mg/ml of total RNA with RETROscript (Ambion) using random decamers to prime the reactions. RCR was performed with SuperTaq (Ambion) under conditions described in the package inserts using S-15 as a loading control. The expected sizes of the PCR products, the primer sequences, their annealing temperature, and number of cycles performed are summarized in Table 1 . The number of cycles utilized for each set was determined to be within the linear range of amplification of the particular product. Reaction products were analyzed by electrophoresis on 2% ethidium bromide gels and the bands captured by a UVP Biochemi System (Upland, CA, USA) and the expression normalized to the S-15 control.
Real-Time Quantitative RT-PCR Total RNA samples from subconfluent cultures of melanoma cells were prepared using RNAqueous s -4PCR (Ambion) according to the manufacturer's protocol. For each cell line, 5 mg of total RNA was reverse transcribed into cDNA in a final reaction mix of 25 ml using SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). All reagents and probes for real-time RT-PCR were obtained from Applied Biosystems (Foster City, CA, USA). All the probes (except the Noggin probes) used span the intron splice sites, which only detect cDNA. Real-time quantitative reverse transcriptasepolymerase chain reaction (qRT-PCR) was performed on a 7300 Real-Time PCR System (Applied Biosystems) in a 25 ml reaction mix containing 1 ml cDNA, 1 Â TaqMan Universal PCR Mater Mix and 1 Â BMP7 (Hs00233477_m1), Noggin (Hs00271352_s1), Sclerostin (Hs00401764_m1), Gremlin (Hs00171951_m1), GPC3 (Hs00170471_m1), Chordin (Hs00415315_m1), BAMBI (Hs00180818_m1), Smurf2 (Hs00909284_m1), or GAPDH assay (4352339E). Thermocycling was carried out at 501C for 2 min, 951C for 10 min, followed by 40 cycles at 951C for 15 s, and 601C for 1 min. All samples were run in triplicate. The relative amounts of BMP inhibitor transcripts were analyzed using the 2 ÀDDC T method. 19 Experiments were repeated twice with consistency.
Adenoviral Vectors
The adenoviral vectors carrying the GFP (Ad/GFP), and human BMP7 (Ad/BMP7) were obtained from the Vector Core, University of Pennsylvania (Philadelphia, PA, USA), and Dr R Franceschi at the University of Michigan (Ann Arbor, MI, USA), 20 respectively. The recombinant Ad expressing mouse Noggin protein (Ad/Noggin) was constructed as follows. The mouse Noggin cDNA (GenBank accession no. MMU79163) was isolated from the plasmid pMgB950 containing the sequence kindly provided by Dr RM Harland from University of California, Berkeley 21, 22 using NotI and BamHI digestion. The resulting mouse Noggin cDNA was subcloned into the pacAd5CMVK-NpA recombinant adenoviral vector backbone 23 (obtained from the Gene Therapy Center Vector Core at the University of Iowa) to generate a mouse Noggin proviral plasmid pAd.CMV-mNoggin. Recombinant Ad was generated and amplified from this proviral plasmid as previously described 23 and titered using Adeno-X s Rapid Titering Kit (Clontech Laboratories Inc., Mountain View, CA, USA).
Adenoviral Infection of Melanoma Cells
Subconfluent melanoma cells were transduced with 10 PFU (plaque-forming unit) per cell of replication-deficient Ads for 2 h at 371C in a minimum amount of serum-free Dulbecco's modified Eagle's medium sufficient to cover the culture vessels. The optimal PFU was previously determined as the minimum amount of virus required to yield the highest overall gene transfer efficiency without apparent cytotoxicity. 18, 24 Viral suspensions were then replaced by regular growth medium and cells were incubated overnight. When indicated, subsequent infection with a second adenoviral vector may be performed. After viral infection, cells were allowed to recover for at least 16 h before use. The high efficiency of gene transfer (over 95%) 18, 24 eliminates the need for selection.
Enzyme-Linked Immunosorbant Assay
At 24 h after viral transfection of melanocytic cells, the growth medium was replaced with serum-free medium 
Western Blotting
Subconfluent cultures were washed with phosphate-buffered saline (PBS), and extracted in lysis buffer containing 1% Triton X-100, 1% deoxycholic acid, 2 mmol/l CaCl 2 , and protease inhibitors (10 mg/ml leupeptin, 10 mg/ml aprotinin, 1.8 mg/ml iodoacetamide, and 1 mmol/l phenylmethyl sulfonyl fluoride) in PBS. Cell lysates were quantified by a BCA protein assay kit (Pierce, Rockford, IL, USA). An equal amount (50-100 mg) of total protein from each sample was subjected to electrophoresis on NuPAGE 4-12% Bis-Tris gels (Invitrogen), transblotted onto nitrocellulose membranes (Pierce), and probed with primary antibodies, such as antiphospho Smad 1, 5, and 8 (Cell Signaling, Beverly, MA, USA), anti-Noggin (RP57-16), 25, 26 anti-bFGF (Abcam, Cambridge, MA, USA), anti-Cripto-1 (R&D Systems), and anti-Nodal (Chemicon, Temecula, CA, USA) antibodies, followed by a peroxidase-conjugated secondary antibody (Pierce). Immunoreactive bands were detected using SuperSignal West Femto Chemiluminescent Substrate (Pierce). Subsequent reprobing using anti-b-actin or anti-tubulin (Abcam) was also performed for internal loading control. Experiments were performed at least twice with consistency.
Conventional Anchorage-Dependent Growth Assay Subconfluent cultures were trypsinized and seeded in 35-mm wells at 1-4 Â 10 5 cells per well. Cells were refed twice weekly. At given intervals, cells in quadruplicate wells were harvested and counted in a Coulter counter (Coulter Electronics, Luton, UK). Statistical analyses were performed using the Mann-Whitney U-test. Experiments were repeated twice with similar results.
Soft Agar Assay
Melanoma cells were suspended in MCDB153/L15 medium (v/v: 4/1) supplemented with 25 mg/ml bovine pituitary extract, 2 ng/ml epidermal growth factor (EGF), 2 mg/ml insulin, 4% fetal bovine serum, and 0.25% agar and plated in triplicate at 6 Â 10 4 cells per well in six-well plates. After 2 weeks, colonies were counted using an inverted microscope. Mann-Whitney U-test was used for statistical analyses. Experiments were repeated twice and similar results were obtained. Data presented represent results from one experiment.
Cell Growth and Invasion in 3D Skin Reconstructs Skin reconstructs were prepared as previously described. 17, 18, 27 Briefly, the growth and invasion of melanoma cells was tested in artificial skin reconstructs, in which human foreskin dermal fibroblasts in rat tail type I collagen were placed on a precast acellular collagen gel. After 6 days, the constricted collagen gels formed a concave surface, serving as a cradle for seeding epidermal cells. Melanoma cells were then mixed with keratinocytes at a 1:5-10 ratio and seeded onto the dermal constructs. After 5 days, cultures were lifted to the air-liquid level for an additional 10 days to allow stratification of epidermal keratinocytes. The reconstructs were then harvested, fixed in paraformaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Apoptosis was evaluated using the Apo-BrdU-IHCt In Situ DNA Fragmentation Assay Kit (BioVision Inc., Mountain View, CA, USA). For each condition, triplicate wells were evaluated and experiments were repeated twice with similar results.
Cell-Cycle Analysis
At 24 h after viral infection, melanoma cells were maintained at less than 70% confluence for 3 days. Cells were then harvested and fixed with 70% ethanol at 41C for 1 h. After washing with PBS, cells were stained with 50 mg/ml of propidium iodide in PBS containing RNase A (0.5 mg/ml), Tris-HCl (0.5 mM), and NaCl (0.75 mM) for 30 min at 41C in the dark, and analyzed on flow cytometer at the University of Iowa Flow Cytometry Core Facility. Data shown represent results from one experiment, however, the assay was performed twice with similar results.
Apoptosis Detection by Anti-Phospho Histone H2B
At 48 h after viral infection, melanoma cells were harvested and stained for 40 min with 20 mg/ml of anti-phospho histone H2B (Upstate, Lake Placid, NY, USA), an early marker of apoptosis, at 41C, in triplicates. After removal of excessive primary antibodies, the cells were incubated with Cy3-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA) and then analyzed by fluorescence-activated cell sorting (FACS) at the University of Iowa Flow Cytometry Core Facility. Statistical analyses were performed using Mann-Whitney U-test. Data shown represent results from one experiment, however, the assay was performed twice with similar results.
In Vivo Tumorigenicity Subconfluent melanoma cells were sequentially transduced with different combinations of Ad/GFP, Ad/Nog, and Ad/BMP7 at 10 PFU per cell with a 24 h interval between infections. At 16 h after the second viral infection, cells were harvested and suspended in serum-free medium at a density of 10 8 cells per ml. Cell suspension (100 ml) were injected subcutaneously in the dorsal skin of each SCID mouse (seven mice per condition). Tumor volume was monitored twice a week and determined as follows: (maximal dimension Â minimal dimension) 2 /2. Statistical analyses were performed using ANOVA following log transformation. The mice were killed 14 days after injection. Tumors were dissected, weighed, fixed in formalin, and subject to histopathologic examination.
Noggin Knockdown in Melanoma Cells by Lentiviral shRNA Recombinant lentiviral vectors were generated by co-transfecting pLKO.1-Noggin (Sigma), harboring shRNA against human Noggin, or nontarget control shRNA (Sigma) with packaging plasmids VSVg and pCMV-DR8.2 (Sigma) into 293T packaging cells using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. Culture supernatants containing recombinant lentiviral particles were used to infect melanoma cells (1205Lu and C8161). Two days after infection, cells were selected with puromycin (1 mg/ml) for a period of 7 days.
RESULTS

BMP7 Expression in Melanoma Correlates with Tumor Progression
Taking advantage of the isogenic cell lines (Materials and Methods) derived from the same patient at different disease stages as well as aggressive variants selected in an experimental metastasis model in vivo, 15 BMP7 mRNA expression was found to correlate with tumor progression using realtime qRT-PCR (Figure 1a ; a normal melanocyte culture (FOM103) was included as baseline control). Cell lines derived from primary melanomas (WM115, WM793, and WM983A) exhibited very low copies of BMP7 transcripts, whereas their metastatic counterparts (WM239A, 1205Lu, and WM983C) expressed abundant BMP7 mRNA ( Figure  1a) . One exceptional metastatic melanoma cell pair, C81-61/ C8161, however, displayed low levels of BMP7 transcripts (Figure 1a) . Immunohistochemistry confirmed upregulation of BMP7 protein expression in human melanoma tissue (Figures 1b-f ), using kidney sections as a positive control, as collecting duct tubules have been shown previously to express BMP7. 28 Immunoreactivity was detected in primary ( Figure 1b ) as well as metastatic melanoma samples, including metastases to lymph node, cutaneous, brain, and bone (Figures 1c-f) . Thus, BMP7 expression correlates with tumor progression and the observed upregulation in aggressive melanoma cells in vitro is biologically relevant and does not represent a tissue culture artifact.
Adenoviral Gene Transfer Results in Functional Secretion of Biologically Active BMP7 Transgene Product in Melanoma Cells
To investigate the biological consequences of BMP7 upregulation in melanoma progression, overexpression of the transgene in melanoma cell pairs (WM793/1205Lu and C81-61/C8161) was achieved using recombinant Ad. Analysis of the culture supernatants using ELISA revealed that the BMP7-transduced cells produced approximately 1000 ng of BMP7 per ml per 10 6 cells for 24 h, whereas their mock-or GFP-transduced counterparts exhibited low/undetectable endogenous levels of BMP7 ( Figure 2a ). As expected, BMP7 overexpression resulted in increased R-Smad phosphorylation/activation by western blotting, compared to the control GFP-transduced cells, except in the highly aggressive metastatic melanoma cell line C8161 (Figure 2b) . Screening by semiquantitative RT-PCR demonstrated that melanoma cells express all six known BMP receptors and their downstream signaling machinery, such as Smads (data not shown). The expression of BMPR IB (Alk6) and BMP RII at the protein level was also confirmed by western blotting (data not shown). These data suggest that virally induced BMP7 is biologically active and functions as an autocrine activator of R-Smad phosphorylation in melanoma cells.
Autocrine Effects of BMP7 on Melanoma Growth, Invasion, and Motility Adenoviral gene transfer of BMP7 led to differential growth inhibition in melanoma cells of different stages of tumor progression. Primary (WM793) and less-aggressive metastatic (C81-61) melanoma cells were susceptible with greater than 70% growth inhibition (Figure 2c ), whereas their metastatic (1205Lu) and highly aggressive (C8161) counterparts are relatively resistant (Figure 2c ). C8161, in particular, was completely resistant.
To explore the underlying mechanisms of BMP7-mediated growth inhibition in melanoma cells, we performed cell-cycle analysis using propidium iodide. We found that BMP7 transduction results in G 0 -G 1 cell-cycle arrest. Interestingly, the extent to which BMP7 induces G 0 -G 1 cell-cycle arrest correlates with the resistance to growth inhibition by BMP7. In BMP7-sensitive early/less-aggressive melanoma cells, such as WM793 and C81-61, the percentage of resting cell population raises drastically from B35% in GFP control construct-transduced cells to 70% in BMP7-transduced cells, whereas the relatively resistant 1205Lu cells exhibit a modest increase (from B50 to B64%) and the resistant C8161 melanoma cells show no significant difference (Figure 2d ). In addition, when the cells were stained with an early marker for apoptosis, anti-phospho Histone2B, the majority of BMP7-transduced cells underwent apoptosis (Figure 2c ). The degree of BMP7-induced apoptotic cell death also correlates with sensitivity to growth inhibition by BMP7. BMP7-sensitive early/less-aggressive variants (WM793 and C81-61) display over 90% positive cells following BMP7 transduction, compared to B30% in GFP-transduced cells, whereas their relatively BMP7-resistant, more aggressive counterparts (1205Lu and C8161) show only B40-55% positivity following BMP7 transduction, compared to B40% in GFPtransduced cells (Figure 2e ). No changes in phospho Histone 2B expression were observed between the GFP-and BMP7-transfected resistant cell line, C8161 (Figure 2e) .
As various BMPs have been shown to contribute to tumor progression through stimulating cell motility and invasion, 7 ,29-31 we tested whether BMP7 enhances melanoma migration and invasion in vitro. Using an in vtro scratch migration assay and time-lap video recording, we found no significant difference in cell migration between Ad/BMP7-and Ad/GFP-transduced melanoma cells (data not shown). In addition, the cells behaved similarly in a modified Boyden chamber assay (data not shown).
Characterization of BMP7-Transduced Melanoma Cells in 3D Skin Reconstructs
To determine the biological consequences of BMP7 transduction in melanoma cells in an appropriate tissue context, a 3D skin reconstruct model was used to test the invasive capacity as well as the growth characteristics of these cells. This model consists of a dermal compartment containing fibroblasts in a collagen gel separated from an epidermal compartment composed of melanocytic cells and keratinocytes by a naturally deposited basement membrane, 27 enabling functional studies of individual genes in a biologically relevant milieu.
Ad/GFP-transduced VGP primary melanoma cells WM793 grow as nests and solitary units within the epidermis and occasionally in the superficial dermis (Figure 3a) , whereas their BMP7-transduced counterparts display only remnants of small clusters as well as single cells at the dermal-epidermal junction and superficial dermis. Free 3 0 -OH ends resulting from DNA fragmentation and indicative of apoptotic cell death are detected in these cells using the Apo-BrdUIHCt In Situ DNA Fragmentation Assay Kit (BioVision; Figure 3f ). Control GFP vector transduced aggressive 1205Lu melanoma cells traverse the basement membrane and grow deeply into the dermis, forming invasive tumor nests ( Figure  3c ), whereas, their Ad/BMP7-infected counterparts show dermal tumor nesting with morphological evidence of apoptosis (Figures 3d and e) , such as nuclear condensation and formation of apoptotic bodies. Similar results were obtained using C81-61 metastatic melanoma cells (Figures 3g  and h ). However, when we incorporate highly aggressive C8161 metastatic melanoma cells, which are shown to be resistant to BMP7-mediated autocrine inhibition in the traditional 2D culture (Figure 2c ), both the control Ad/ GFP-and Ad/BMP7-infected cells grow aggressively into the dermis and eventually partially replace the epidermis (Figures  3i and j) . These data suggested that consistent with the results obtained from the conventional monolayer culture, BMP7 is growth inhibitory in melanoma cells and that advanced/aggressive melanoma cells are progressively resistant.
Advanced/Aggressive Melanoma Cells Escape Growth
Inhibition by BMP7 through Concomitant Upregulation of BMP Antagonist, Noggin Using semiquantitative RT-PCR, initial screening indicates that the resistance to induced BMP7 in advanced/aggressive melanoma cells correlates with upregulation of BMP antagonist, Noggin, but not Dan/Cerberus, Follistatin, Sclerostin, Gremlin, Chordin, GPC3, Smurf 1 and 2, SnoN, Smad6, Smad7, or BAMBI. 4 Real-time qRT-PCR ( Figure 4a ) and western blotting (Figure 4b ) further confirmed these observations. It is worth noting that BMP7 transduction did not induce Smad phosphorylation in the highly aggressive metastatic melanoma cell line C8161 (Figure 2b ), which exhibited abundant Noggin transcripts (B10 To test the hypothesis that advanced/aggressive melanoma cells escape growth inhibition by BMP7 through coordinated upregulation of Noggin, we first overexpressed Noggin in susceptible melanoma cells in an attempt to rescue them from BMP7-mediated growth inhibition. Forced functional expression of Noggin was achieved by adenoviral gene transfer. Western blotting confirmed the presence of the transgene product at the protein level (Figure 4c ) and the transduced Noggin was effective in blocking BMP7-induced 
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Smad signaling (Figure 4d ). Conventional growth assays revealed that pre-infection with Ad/Nog protects susceptible melanoma cells from subsequently induced BMP7 (Figure 5a; Supplementary Figure 1A) .
In soft agar assays, Noggin transduction in BMP7-susceptible melanoma cells restores colony formation (Figure 5b ; Supplementary Figure 1B) . In 3D skin reconstructs, Noggin transduction rescues WM793 primary VGP melanoma cells from BMP7-induced apoptotic cell death, leading to tumor growth in the superficial dermis, at the dermal-epidermal junction, and within the epidermis (Figure 5c ; Supplementary Figure 1C ). Similar rescue is also observed in other melanoma cell lines (WM164, 1205Lu, and C81-61; data not shown). In addition, in tumorigenicity assays in SCID mice, Noggin transduction, as expected, protects melanoma cells from BMP7-mediated growth inhibition ( Figure 6 ; Supplementary Figure 2 ). At 17 days post-subcutaneous injection, the tumors derived from Nog/BMP7-transduced 1205Lu melanoma cells measure four times larger in size and weigh twice as much as those from GFP-and BMP7 doubletransduced counterparts (Figures 6a and b ; Supplementary  Figures 2A and B) . Routine histology examination of the tumors revealed that the Ad/GFP-and Ad/BMP7 doubleinfected cells induce ectopic bone formation at the periphery of the tumors (Figure 6c and Supplementary Figure 2C , left panel), consistent with the known osteogenic function of BMP7, whereas the Nog/BMP7-infected cells grow as large, partially encapsulated, subcutaneous nodules without evidence of heterotropic ossification (Figure 6c and Supplementary Figure 2C, right panel) .
To test the hypothesis that Noggin knockdown in advanced/resistant melanoma cells confers sensitivity to BMP7-induced growth inhibition, we generated stable Noggin knockdown 1205Lu and C8161 cell lines using the lentiviral shRNA approach. As shown in Figure 7a by western blotting, over 75% knockdown efficiency was achieved (using cells infected by lentiviral vector containing control shRNA as control). In conventional monolayer growth assays, both Figure 3 Effects of transduced BMP7 on melanoma growth and invasion in 3D skin reconstructs. In susceptible primary melanoma cell line WM793, Ad/GFPinfected cells grow as large nests and single cells within the epidermis (*) and superficial dermis (a, #). Upon BMP7-transduction, WM793 cells show small clusters as well as single units at the dermal epidermal junction (b,^) reactive to TUNNEL stain (f,^). GFP tranfectants of the relative resistant isogenic cell line 1205Lu grow aggressively forming large tumor nests in the deep dermis (c, #), whereas the BMP7-transfectants (d, #) displayed extensive cell death (^) with morphological hallmarks of apoptosis (d, e,^). Control GFP-transfected susceptible metastatic C81-61 melanoma cells grow aggressively as large nests and nodules within the dermis (g, #), whereas their BMP7-transduced counterparts only show small remnants of dermal tumor nests (h, #). In the resistant, highly aggressive C8161 melanoma cells, both Ad/GFP-(i) and Ad/BMP7-infected cells (j) grow aggressively into the dermis (#) and eventually also replace the epidermis with rare residual keratinocyte islands (i, j, *). 1205Lu and C8161 Noggin knockdown variants exhibit increased sensitivity to BMP7, compared to their nontarget control shRNA counterparts (Figure 7b) .
To explore the possibility that Noggin may restore growth in BMP7-transduced melanoma cells indirectly through induction of other growth factors, we examined the expression of potential melanoma growth-promoting factors, such as bFGF, Nodal, Cripto-1 (by western blotting), and VEGF (by ELISA) following Noggin overexpression (Figure 8 ). We found that Noggin overexpression upregulates Nodal and VEGF in one (WM793/1205Lu) but not the other isogenic melanoma cell pairs. This suggests that Noggin rescue of melanoma growth in response to BMP7 may in part be attributed to induction of Nodal and VEGF in some but not all melanoma cell lines.
DISCUSSION
Although originally identified by their capacity to induce endochondral bone formation, BMP signaling pathways have now been shown to be critically involved in a diverse array of nonosteogenic processes. 4 The discovery that perturbations in BMP signaling are genetically responsible for certain familial cancer syndromes, such as familial juvenile polyposis, has stimulated active interests in delineating the functional significance of BMPs in tumor development and progression. Consistent with this, reactivation of developmental/morphogenetic signaling pathways such as Hedgehog, Wnt, and Notch, has also recently been implicated in tumorigenesis. It is postulated that such activations may lead to or result from tumor dedifferentiation toward a stem cell-like phenotype. 32 Despite the substantial progress achieved during the past years, relatively little is known about BMP signaling in melanocytic cells. Using semiquantitative RT-PCR, we previously screened expression of BMPs in melanocytic cells 4 and reported that the expression of BMP7, in particular, correlates with tumor aggressiveness in vitro. We have now verified our previous observation by real-time qRT-PCR (Figure 1a) . The biological relevance of BMP7 upregulation was further confirmed in situ by immunohistochemistry on melanoma tissue sections (Figures 1b-f) . Aberrant BMP7 expression during tumor progression is not unique to melanoma. High levels of BMP7 have also been detected in bone metastasis of prostate cancer. 33 Studies have demonstrated that prostate carcinoma cells produce increasing amounts of BMPs as they progress to a more aggressive phenotype and that the upregulation of BMP7 expression in metastatic cells is a critical component of developing osteoblastic lesions. In addition, BMP7 is also upregulated in breast carcinoma and the expression paradoxically correlates with differentiation markers, such as estrogen and progesterone receptors. 34 On the contrary, nephroblastoma cells exhibit downregulation of BMP7. 35 The apparent divergent regulation of BMP7 in different human cancers may reflect the cell type-specific actions of individual BMPs.
BMP7-mediated growth regulation has been extensively studied in carcinogenesis. The findings have been conflicting with divergent effects of both growth stimulation and inhibition. [36] [37] [38] To investigate the biological consequences of BMP7 in human melanoma, we overexpressed the transgene using adenoviral gene transfer, which led to differential growth inhibition in traditional monolayer culture ( Figure  2c ), as well as in 3D skin reconstructs (Figure 3) . When comparing isogenic cell lines, biologically advanced, aggressive melanoma cells (1205Lu and C8161) are less responsive, whereas their biologically early (WM793) or less-aggressive counterparts (C81-61) appear more sensitive. Although the level of transduced BMP7 by adenoviral vectors may be superphysiologic, it allows for augmentation of the biological readout to gain insights into BMP7 function in melanoma as the actions of cytokines can be subtle and difficult to appreciate. 39 Although not a main focus of our study, we found expression of all six known BMP receptors as well as their signal transduction proteins in melanoma cells using semiquantitative RT-PCR. In addition, gene sequencing also revealed no evidence of mutations or deletions in BMP receptors (data not shown). Taken together, these results indicate an intact and functional autocrine BMP pathway in melanoma cells, with the manifestation of growth suppression in biologically early cells, but resistance in late-aggressive cells.
We further explored the mechanisms through which BMP7 expression exerts its growth inhibitory activities in susceptible melanoma cells. Cell-cycle analyses revealed that ectopic expression of BMP7 resulted in G 0 -G 1 cell-cycle arrest (Figure 2d ). In addition, a significant portion of BMP7-transduced cells expressed phospho-Histone2B, an early marker for apoptotic cells, by flow cytometry (Figure 2e ). Apoptotic death in BMP7-transduced cells was further confirmed by a TUNEL stain (Figure 3f ). Consistent with our findings, involvement of BMP7 in cell-cycle control and apoptosis regulation has been previously described. BMP7 has been shown to induce apoptosis in myeloma cells 36 and to inhibit proliferation of androgen-insensitive prostate cancer cells, eg PC-3 and DU-145, both in vitro and in vivo through G 0 -G 1 cell-cycle arrest. 40 In contrast, BMP7 promotes cell survival under serum deprivation in androgensensitive LNCaP and C4-2B prostate cancer cell lines. 41 The seemingly disparate observations in prostate cancer suggest that the biological responses to BMP7 in a given cell type may depend on cross talk with other signaling pathways. 42 In contrast to what has been previously reported, where BMP4 and BMP7 were shown to enhance cell invasion and migration in melanoma, 12 and prostate as well as colon cancer cell lines, 30, 31, 41 respectively, we did not observe similar activities in BMP7-transduced melanoma cells in in vitro scratch migration and modified Boyden chamber assays. Consistent with this, BMP7-transduced susceptible melanoma cells retained their ability to invade the artificial dermis in our 3D skin reconstruct model even though the cells exhibited evidence of apoptosis (Figures 3b and d) . This is not surprising given that the biological responses of individual BMPs are cell-and tissue context specific. 43 One possible mechanism through which melanoma cells may bypass the antiproliferative effect elicited by BMP7 is the disruption of BMP signaling through BMP inhibitors. Using semiquantitative RT-PCR with confirmation by real-time qRT-PCR, it appears that the resistance to induced BMP7 in advanced/aggressive melanoma correlates with upregulation of BMP antagonist, Noggin 4 ( Figure 4a ). To test the hypothesis that concurrent upregulation of Noggin protects advanced/aggressive melanoma cells from growth retardation by BMP7, we investigated the consequences of Noggin overexpression in susceptible melanoma cells, as well as those of Noggin knockdown in resistant melanoma cells, in response to induced BMP7. We found that overexpression of Noggin conferred BMP7 resistance in susceptible melanoma cells not only in vitro in conventional monolayer growth assays (Figure 5a; Supplementary Figure 1A) , soft agar clonogenicity assays (Figure 5b; Supplementary Figure 1B) , and 3D skin reconstructs (Figure 5c; Supplementary Figure 1C) , but also in vivo in experimental animals ( Figure 6 ; Supplementary Figure 2 ). In conventional monolayer cultures, Noggin knockdown confers sensitivity to BMP7 in resistant melanoma cells (Figure 7) . Using western blotting and ELI-SA, we also found that Noggin upregulates melanoma growth-promoting factors, such as Nodal and VEGF in a subset of but not all melanoma cell lines (Figure 8 ). These suggest that the observed restoration of growth by Noggin may in part be attributed to the indirect effect of Nodal and VEGF induction.
There are ample examples in which tumor cells harbor aberrant expression of BMP signaling inhibitors that contribute to tumorigenesis and progression. For instance, Chordin, which reduces the motility of the tumor cells, is downregulated in ovarian cancer cells. 44 In esophageal squamous cell carcinoma, Smurf2 expression correlates with poor prognosis. 45 Loss of GPC3 was also noted in a significant portion of ovarian and breast cancers. 46 Furthermore, its restoration inhibited colony-forming potential suggesting that GPC3 acts as a negative growth regulator in these tumors. 47 In contrast, overexpression of GPC3 was demonstrated in embryonal tumors, 48 colon cancer, 49 hepatocellular carcinoma, 50 and melanoma. 51, 52 Analogous to Noggin counteracting the autocrine inhibition of BMP7 in melanoma, upregulation of GPC3 in hepatocellular carcinoma has also been shown to modulate the growth inhibitory effect of BMP7. 37 However, unlike Noggin, GPC3 expression does not correlate with melanoma progression. 51 In summary, two key events associated with BMP7 signaling take place during melanoma development and progression: (1) the acquisition of the ability to express increased levels of BMP7 and (2) the development of resistance to the autocrine inhibition by BMP7 through concomitant upregulation of antagonist, Noggin. Given that BMP7 is growth inhibitory in human melanoma, it remains puzzling as to why the malignant cells secrete such a factor without apparent autocrine benefits. There are a few possible explanations. First, the degree of growth suppression by endogenous BMP7 may be moderate and thus easily overcome by other intrinsic/extrinsic pro-proliferative signals. Second, interactions with other signaling pathways may modulate the growth inhibitory action of BMP7 in melanoma. [53] [54] [55] Finally, BMP7 may offer paracrine stimulation for melanoma cells in the tumor microenvironment. Indeed, recent studies indicated that BMPs may contribute to tumor progression through stromal induction, such as promoting angiogenesis. 43, 56, 57 Thus, like TGF-b, an accepted 'double-edged sword' in tumorigenesis, BMPs may function both as oncogenes and tumor suppressors depending on the relative dosage and disease stage. 4 Moreover, it remains to be determined whether inhibition of Noggin upregulation may unmask the antiproliferative effects of BMP7, a potentially novel translational strategy for melanoma therapy. It is for this reason that further investigation is warranted to bridge the gap between our current knowledge of BMP7 signaling in melanoma and its potential as a therapeutic target.
